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The desorption and decompositions of synthesized oligonucleotides bearing fixed charge sites
have been investigated by linear, delayed-extraction, reflecting and post-source decay mode
matrix-assisted laser desorption/ionization (MALDI) mass spectrometry. In contrast to the
conventional [M  H] forms of unmodified molecules where a proton is likely attached to a
nucleobase, here the charge is fixed at one of the termini. In this case the observed fragment
ions always incorporate the charge-tag. H/D exchange experiments provide no evidence for
intramolecular migration of protons on the phosphate backbone to initiate the fragmentation
event. New unique pathways of proton migration from the ribose have been elucidated and
are rationalized by a charge-remote fragmentation pathway. (J Am Soc Mass Spectrom 2002,
13, 1407–1417) © 2002 American Society for Mass Spectrometry
The analysis of oligonucleotides using mass spec-trometry has been an active area for many yearsdue to the demands for a rapid and accurate
DNA sequencing technique as well as for the identifi-
cation and characterization of modified oligonucleo-
tides [1, 2]. Since Matrix-Assisted Laser Desorption/
Ionization (MALDI) has been introduced, [3, 4] much
effort has been devoted to the development of oligonu-
cleotide analysis by MALDI mass spectrometry. To
date, Tang et al. [5] and Liu et al. [6] have reported the
analysis of PCR products 500 to 600 bases using
UV-MALDI (at 337/355 nm), and Hillenkamp and
co-workers extended the upper limit of DNA and RNA
analyses up to 2180 bases using IR-MALDI [7]. Ap-
plications such as analyzing short tandem repeats [8],
gene-defect diseases [9–11], and genotyping of single
nucleotide polymorphisms [12] have been attempted.
Despite these successes, oligonucleotide analysis by
MALDI-MS has been limited primarily by the low ion
abundances of larger oligonucleotides. Routine analysis
by UV-MALDI is still limited to approximately 50 bases
in cases where good mass spectrometry performance
(e.g., resolution and reproducibility) is of high impor-
tance [13]. The vast majority of the analyses of oligonu-
cleotides by MALDI is limited to the identification and
characterization of short chain oligonucleotides, such as
antisense drugs [14, 15].
The most probable cause for the limited success at
very high masses is that larger oligonucleotide ions are
unstable and dissociate rapidly after the desorption/
ionization step. A large number of studies have been
undertaken to better understand the fragmentation pro-
cess [16–34]. Generally, the severity of fragmentation is
matrix-dependent, and a matrix of choice is 3-hy-
droxypicolinic acid (3-HPA) [35, 36] (or the two com-
ponent matrix-3HPA/picolinic acid [5]) because it re-
sults in a lesser amount of fragmentation and enables
the analysis of larger oligonucleotides. The popular
matrices for peptides and proteins, such as sinapinic
acid (SA) instrument facility tend to produce significant
fragmentation when used for oligonucleotide analysis.
Despite the matrix dependency on the degree of decom-
position, the types of observed fragment ions remain
similar for almost all matrices that have been studied.
The stability of molecular ions of oligodeoxynucleotides
is highly dependent on their base composition. Studies
of homopolymer and mixed bases of oligonucleotides
reveal that fragmentation often occurs at the location of
a guanosine, adenosine, or cytidine base (in decreasing
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order of fragmentation severity) [22, 37, 38]. The laser
wavelength does not seem to be a determining factor.
3-HPA is an effective matrix for oligonucleotides at 266,
307, 337, and 355 nm. Even though IR photons have less
energy, IR absorbing matrices such as succinic acid do
not offer as much success as 3-HPA in the UV range [21,
39].
Several hypotheses have been proposed to rational-
ize observed fragmentation pathways, and all of the
proposed mechanisms involve protonation of a nucleo-
base as the initiating step [22, 24, 39]. It has been
proposed that proton transfer occurs from either the
neighboring acidic phosphodiester groups to the
nucleobase, thus forming short-lived zwitterionic inter-
mediates, or from matrix ions to form stable zwitterions
upon protonation of the nucleobase. The N-glycosidic
bond is then polarized and weakened, which initiates
base elimination leading to strand scission along the
phosphodiester backbone. These hypotheses nicely ex-
plain the correlation of proton affinities (PA) of the four
nucleobases to the observed fragmentation patterns:
Gua (229.3 kcal/mol) Ade (225.3 kcal/mol) Cyt
(227.0 kcal/mol) Thy (210.5 kcal/mol) [40]. Evidence
supporting this ranking comes from the absence of
prompt fragment ions from poly-(T)n desorbed from a
variety of matrices in linear time-of-flight mass spectro-
metry. The 7-deaza purine analogs of guanosine and
adenosine that are less acid labile in aqueous solutions
compared to the native forms exhibit higher stability (as
[M  H]) in MALDI [24, 41]. Thermodynamic argu-
ments have been used to support the influence of the
matrix on the fragmentation process. 3-HPA has the
highest proton affinity (214.1–214.5 kcal/mol) and
therefore, when protonated, has the least capability to
transfer that proton to an oligonucleotide compared to
other common oligonucleotide matrices such as THAP
(210.8 kcal/mol) and 2,5-DHBA (201–208 kcal/mol) [25,
42–44].
To probe the fragmentation mechanisms in more
detail, Hettich et al. used MALDI Fourier Transform Ion
Cyclotron Resonance Mass Spectrometer (FTICR-MS) to
characterize the structures of native and modified oli-
gonucleotides through prompt and collision-induced
dissociation fragmentation [45]. They elucidated the
structures of fragment ions (metastable and stable
prompt ions) and proposed fragmentation pathways.
Gross et al. have investigated fragmentation pathways
of metastable ions of dideoxynucleotide tetramers using
post-source decay (PSD) and H/D exchange in a de-
layed extraction reflecting MALDI-TOF [28, 33]. They
reported many fragment ions that are not observed in
regular TOF-MS, such as y- and z-series ions. The H/D
results revealed convincing details of the bond cleav-
ages by clarifying hydrogen transfers. Wang et al.
compared similarities and differences of T-rich oligonu-
cleotide spectra generated from high-energy and low-
energy collisionally-activated dissociation (CAD) using
ESI on a four-sector mass spectrometer, ESI in-source
CAD on an ion trap mass spectrometer, and MALDI-
PSD TOF mass spectrometry [29]. These different ex-
perimental setups offered remarkably similar fragmen-
tation patterns. Krause et al. used MALDI-TOF-MS to
investigate negative fragment ions to confirm their
earlier hypothesis of the nucleobase protonation initi-
ated fragmentation [32].
Although our understanding of oligonucleotide frag-
mentation has improved, a number of questions remain
unanswered. For example, why are similar patterns of
fragmentation observed both in positive and negative
ion modes [46]? Protonation of a nucleobase in the
negative-ion mode is thermodynamically unfavorable
because of the high gas-phase acidity of the phosphodi-
ester group (210–230 kcal/mol for nucleobases versus
315 kcal/mol for phosphodiester group as suggested by
Muddiman et al. [47]). Alternatively, is fragmentation
influenced by the gas-phase behavior of the employed
matrix? To answer this question, we have investigated
matrix effects on the formation of positively charged
oligonucleotides [30]. It was found that 3-HPA in-
creases the number of labile protons available for oli-
gonucleotide protonation. Moreover, because 3-HPA
yields the least fragmentation among the common
oligonucleotide matrices, these results suggest that the
number of labile protons present in the MALDI plume
is not the determining factor in initiating oligonucleo-
tide fragmentation.
In the current report, we focus on the investigation of
fragmentation in positive ion mode MALDI-TOF. To
eliminate the influence of the proton responsible for a
positive charge, a positive charge tag (i.e., a quaternary
amine) is immobilized on the terminus of a mixed-base
oligonucleotide. The 3'- or 5'-terminus of T2GT3 was
modified with such a charge tag. These charge-tagged
oligonucleotides were then subjected to solution phase
hydrogen/deuterium exchange as a means of labeling
all labile hydrogens. The H/D exchanged charge-
tagged oligonucleotides were analyzed using linear,
delayed-extraction, reflector, and post-source decay
MALDI-TOF techniques to explore the mechanism of
the fragmentation process. We have found that frag-
mentation patterns for charge-tagged oligonucleotides
are remarkably similar to those found for untagged
oligonucleotides suggesting that oligonucleotide frag-
mentation is not entirely a charge site mediated process.
Experimental
Sample Preparation
All samples, dGT2, dTGT2, dT2GT3, 5'-QA-T2GT3,
(QA¢(CH3)3N
-(CH2)2-ps-, a permanent positive
charge tag), and dT2GT3-3'-QA, were synthesized on a
Perkin Elmer/Applied Biosystems 384 DNA/RNA syn-
thesizer (Foster City, CA) and purified by HPLC as
described previously [30]. (For simplicity, 5'-QA-T2GT3
and T2GT3-3'-QA will be denoted as the charge-tagged
oligonucleotides throughout.) The purity of the result-
ing samples was checked on a PerSeptive Biosystems
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(Framingham, MA) Voyager linear MALDI time-of-
flight mass spectrometer. The sample solutions were
dried down in a LabConco Centri Vap (Kansas City,
MO) and then resuspended in nanopure water. Table 1
lists the molecular weights of all oligonucleotides used
in this study.
A two-component matrix, 2', 4', 6'-trihydroxyaceto-
phenone and ammonium citrate (THAP/citrate) [48]
(Aldrich, Milwaukee, WI) was chosen as the sole matrix
because of its ability to generate a high abundance of
intact molecular ions with low yields of alkali metal
cation attachment. The 2:1 mixture (vol/vol) of 2', 4',
6'-trihydroxyacetophenone (50 g/l in methanol) and
ammonium citrate (0.1 M in water) was prepared prior
to mixing with sample solution. dGT2 and dTGT2 were
used as internal and external calibration standards
throughout. About 2 l of sample solution was mixed
with 4 l of the matrix solution prior to deposition on
the sample plate.
For the H/D exchange experiments, the matrix solu-
tion was prepared in methanol and water and dried in
a Centri Vap. The dry matrix mixture was then resus-
pended in deuterium oxide (D2O, 100 atom % D,
minimum isotopic purity 99.96%, purchased from Al-
drich, Milwaukee, WI) and methyl-d3-alcohol-d
(CD3OD, 99.96 atom % D, purchased from Isotec, Mi-
amisburg, OH) in a glove bag which was flushed
constantly by house N2 gas and evacuated through
suction at least five times. MALDI samples were also
dried in the same manner and resuspended in D2O in a
glove bag. Next, the sample solutions and matrix solu-
tions were mixed and dried in the glove bag. Prior to
MS analyses, the sample plate was taken out from the
glove bag and promptly loaded into the mass spectrom-
eter to minimize back exchange due to ambient mois-
ture. Alternatively, a dry box was used to prepare
deuterated matrix solutions, oligonucletide solutions,
and MALDI samples in an analogous manner to that
Table 1. Calculated monoisotopic m/z values and relative percentages of parent and major expected fragment ions of H-form and
fully deuterated oligonucleotides
Ion H-form cal. m/z %a Exp. m/zd Deuterated cal. m/z %a Exp. m/zd
Sample
(a) dT2GT3
[M  H (or D)] 1788.33 100 1788.4 1804.43 100 1804.5
1789.34 75 1805.44 75
1790.34 36 1806.44 36
1791.34 13 1807.44 13
[M-Gua] 1637.29c 1650.37c
w3
 931.14 100 931.2 940.21b 100 938.3
932.16 37 941.22 37
933.16 11 942.22 11
[a3-B3]
 (Not observed) 707.14c 712.17c
(b) 5'-QA-T2GT3
[M] 1969.37 100 1969.4 1984.46 100 1984.5
1970.37 82 1985.46 82
1971.37 46 1986.46 46




 888.17 100 888.3 893.20b 100 892.5
889.17 37 894.20 37
890.17 15 895.20 15
w3
 (Not observed) 931.14c 940.21c
(c) 3'-QA-T2GT3
[M] 1969.37 100 1969.4 1984.46 100 1984.5
1970.37 82 1985.46 82
1971.37 46 1986.46 46




 1112.19 100 1112.22 1120.24b 100 1118.2
1113.19 44 1121.24 44
1114.19 18 1122.24 18
[a3-B3]
 (Not observed) 707.14c 712.17c
Internal Standard
(a) dTGT2
[M  H (or D)] 1180.24c 1192.32c
(e) dGT2
[M  H (or D)] 876.20c 886.26c
aThe intensity of the highest abundant peak in the isotopic envelope is 100%.
bThe m/z values are obtained based on that deuterium transfers after the bond cleavage.
cThe m/z values of the monoisotopic peaks.
dBased on reflecting ion mode spectra. Standard deviation is 0.2 amu.
1409J Am Soc Mass Spectrom 2002, 13, 1407–1417 OLIGONUCLEOTIDE CHARGE TAGGING AND H/D EXCHANGE
described above. Deuterated oligonucleotides typically
contained 10% or less unexchanged protons as re-
vealed in MALDI spectra.
Instrumentation
All experiments were performed using a PerSeptive
Voyager-Elite MALDI time-of-flight mass spectrometer
(PE Biosystems, Framingham, MA) equipped with de-
layed extraction, a reflecting mirror, and a N2 laser. All
spectra were acquired at 15 kV accelerating voltage
with various delay times (0 up to 115 ns). The wire
guide voltage was tuned from 4.5 to 22.5 volts (0.03–
0.15% of total accelerating voltage). At least 50 laser
shots were averaged for each mass spectrum. Internal
calibrations were performed in the reflecting mode to
ensure optimal mass accuracy. The calibration files
generated in the reflecting mode were then used in the
acquisition of PSD spectra. During the generation of
PSD product ion spectra, the reflector voltage was
stepped down by adjusting the mirror ratios to observe
PSD fragments down to m/z 150. In generating the
composite PSD spectrum, up to 10 mirror ratios were
applied to generate individual fragment spectra. Higher
laser power densities were used in PSD mode, com-
pared to linear and reflector modes, to generate suffi-
cient PSD fragment ions while maintaining isotopic
resolution. All mass spectra were calibrated and ana-
lyzed using Grams/386 software (Galactic, Salem, NH).
Spectra obtained in continuous extraction (CE) linear
mode were enhanced using 19-point Savitsky-Golay
smoothing. In all other modes, raw spectra were ana-
lyzed without further processing.
Results
The nomenclature of fragmentation of oligonucleotides
suggested by McLuckey et al. [49] is employed in this
publication. The sequence of T2GT3 was chosen as a
model oligonucleotide because of two reasons. First, it
is well known that oligonucleotides tend to generate
[a-base]- and w-series ions along with minor fragment
ions through cleavages at the positions of guanosine,
adenosine or cytidine. Second, this partially symmetri-
cal sequence is expected to yield strong [a3- B3]
 and
w3
 ions of similar sizes. The theoretical isotopic distri-
butions of both native (H-form) and fully deuterated
ions potentially observed in the spectra were generated
using an isotope modeling tool (MassLynx, Micromass,
Cheshire, UK). Table 1 lists m/z values and the relative
intensities of abundant isotopic peaks of all oligonucle-
otides used in this study.
Figure 1a, b, and c show the continuous extraction
linear TOF mass spectra of unmodified, 5'-charge-
tagged, and 3'-charge-tagged oligonucleotides, respec-
tively. Continuous extraction linear TOF spectra offer
information regarding prompt fragments generated in
the ion source. Here, the laser power was set to signif-
icantly higher level than the threshold required to
generate sufficient prompt fragment ions. For the un-
modified dT2GT3 spectrum (Figure 1a), ions were as-
signed as the protonated parent ([M  H]), loss of
guanine ([M-Gua]) and w3
 ions. In 5'-QA-T2GT3 (Fig-
ure 1b), [M], [M-Gua], and a3 ions with loss of
guanine ([a3-B3]
) were observed. On the other hand, in
the T2GT3-3'-QA spectrum (Figure 1c), [M]
, [M-Gua],
and w3
 ions were observed. It is worth noting that
neither the charge-tagged oligonucleotides nor the un-
modified oligonucleotide form appreciable abundances
of doubly-charged ions. Owing to the limited resolving
power of the continuous extraction-linear ion mode and
to ongoing fragmentation of metastable ions as well as
intense cation attachment (K, Na), accurate m/z iden-
tifications were not easily performed. The same frag-
ment peaks appearing in continuous extraction linear
mode also were observed in delayed extraction (DE)
linear mode (data not shown).
Figure 2a, b, and c are the delayed extraction reflect-
ing TOF (DE-rTOF) mass spectra of unmodified, 5'-
charge-tagged, and 3'-charge-tagged oligonucleotides,
respectively. In the spectra of 5'-QA- T2GT3 (Figure 2b)
and T2GT3-3'-QA (Figure 2c), dGT2 and dTGT2 are
included as internal standards. Parent and w3
 ions are
seen in the mass spectra of dT2GT3 (Figure 2a) and
T2GT3-3'-QA. For 5'-QA- T2GT3, parent and [a3-B3]

ions were observed. The parent and prompt fragmen-
tation ions (w3
 and [a3-B3]
) yielded isotopic distribu-
tions very close to their theoretical distributions (see
Table 1). As in the linear ion mode, no noticeable
amounts of doubly charged parent ions were observed.
Figure 1. Linear mode MALDI spectra of H-form (a) unmodi-
fied, (b) 5'-QA-, and (c) 3'-QA modified T2GT3.
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The [M-Gua] ion was observed occasionally as a
metastable ion as seen, for example, ions at m/z 1823
in Figure 2c.
Hydrogen/deuterium exchange experiments were
carried out to elucidate the role of the nonlabile protons
in the cleavage process. Figure 3a, b, and c show the
DE-rTOF mass spectra of deuterated unmodified, 5'-
charge-tagged and 3'-charge-tagged oligonucleotides,
respectively. The completeness of H/D exchange is
revealed by the isotope distribution of the parent ion
(m/z 1804.4 for dT2GT3 and m/z 1984.5 for 5'-QA-T2GT3
and T2GT3-3'-QA). Table 1 also lists the theoretical dis-
tributions of deuterated molecular and fragment ions of
these oligonucleotides. Fragmentation patterns identi-
cal to those found for the undeuterated (H-form) spec-
tra were observed: 5'-QA-T2GT3 (Figure 3b) yielded
only the [a3-B3]
 ion while unmodified dT2GT3 (Figure
3a) and T2GT3-3'-QA (Figure 3c) gave only w3
 ions.
While the parent ions displayed isotopic patterns very
close to their theoretical distributions, the isotopic dis-
tributions of the observed fragment ions clearly indicate
that hydrogen transfers occurred in concert with bond
cleavage. Relative to fully deuterated fragments, shifts
of 1 or 2 amu towards smaller m/z were observed in
certain fragment ions in the spectra. Based on the




 fragment ions generated from both T2GT3-
3'-QA and dT2GT3 (theoretical monoisotopic m/z values
for fully deurerated forms are 1120.24 and 940.21,
respectively) apparently acquired a maximum of two
hydrogens after cleavage (thus yielding ions with m/z
values up to two units lower), while [a3-B3]
 obtained
one hydrogen.
In PSD mode, we were able to obtain well-resolved
fragment peaks with a resolution of at least 2500
(FWHM) which minimized any ambiguity in spectral
interpretation. Figure 4a, b, and c show the PSD spectra
of deuterated unmodified, 5'-charge-tagged and 3'-
charge-tagged oligonucleotides, respectively. The timed
ion selector was set to allow the entire isotopic envelope
of ions in the region of the molecular ion to pass
through. Presumably owing to trapped moisture in the
glove bag, a minor portion of the starting materials
underwent incomplete exchange with D2O: The low
abundance ions denoted with a number sign (#) were
assigned as arising because of incompletely exchanged
hydrogens.
Similar to the results found in other modes of MS
operation, fragment ions from the PSD process other
than w3
 and [a3-B3]
 were not observed. No evidence
of [M-Gua] ions was detected in the PSD mode.
5'-QA-T2GT3 (Figure 4b) yielded only [a3-B3]
 ion while
unmodified dT2GT3 (Figure 4a) and T2GT3-3'-QA (Fig-
ure 4c) gave only w3
 ions. Once again, the same
phenomena occurred in that hydrogens (not deuteri-
ums) migrating from the sugar moiety influence the
Figure 2. Reflecting mode MALDI spectra of H-form (a) unmod-
ified, (b) 5'-QA-, and (c) 3'-QA modified T2GT3. The zoomed-in
spectra show that the isotopic distributions of the samples ana-
lyzed roughly fit the calculation, and also the resolution is good
enough for distinguishing the metastable (marked with asterisks)
and prompt fragment ions. The peaks marked with crosses are
metal adduct peaks.
Figure 3. Reflecting mode MALDI spectra of D-form (a) unmod-
ified, (b) 5'-QA-, and (c) 3'-QA modified T2GT3. The zoom-in
spectra display that the isotopic distribution of the fragment ions
changed due to the adoption of proton(s) from sugar, as the
isotopic distributions of molecular ions keep similar as calculated.
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fragment ion’s isotopic distribution: the w3
 ion ac-
cepted a maximum of two hydrogens and the [a3-B3]

ion obtained one hydrogen. As the laser power density
was increased, the abundances of lower m/z isotopic
peaks rose significantly in the isotopic envelope of the
fragment ions. But regardless of the laser power density
that was used, the maximum numbers of hydrogens
transferred to fragment ions remained the same.
Discussion
Although many groups have reported the observation
of different fragmentation in DE-reflecting and PSD
spectra [22, 26, 28, 29, 32], we observed very few
fragmentation pathways for both native and charge-
tagged forms of our 6-mers. The most likely reasons
that our results differ from others are the choice of
matrices and the sequences of the selected oligonucle-
otides.
It is interesting to compare the findings of our work
with those previously published by Gross et al. [28]. In
the work of Gross et al., a larger number of fragment
ions were generated and they proposed that protona-
tion of the 3'-adjacent nucleobase must occur. However,
in our current study, fragmentation appears to be
limited to that necessary to generate a single strand
scission between guanosine and its 3'-adjacent phos-
phodiester group.
Notably, Gross et al. used 3-HPA as the matrix to
investigate metastable decompositions of oligonucleo-
tides by PSD. 3-HPA is well known as the gentlest
matrix for the desorption/ionization of oligonucleo-
tides at UV wavelengths. It could be that ions generated
from 3-HPA have longer lifetimes than those from 2', 4',
6'-THAP. Also, the laser power we used in generating
our spectra was optimized for the resolution of both
molecular ions and fragment ions, and it may not be
high enough to generate certain fragment ions. The
sizes and sequences of the model oligonucleotides may
play very important roles in determining which types of
product ions are observed.
From the results described above, we deduced that
the cleavages always occurred at two specific positions:
The N-glycosidic bond of guanine and the phosphodi-
ester bond between guanosine and the adjacent 3'-
thymidine. Only the moieties with the charge tag were
observed: The w3
 ion was observed in T2GT3-3'-QA
spectra and the [a3-B3]
 ion was detected in 5'-QA-
T2GT3 spectra. In H/D exchange experiments, the ma-
trix molecules, solvents, and oligonucleotide molecules
have gone through virtually complete H/D exchange
prior to MALDI analysis. In agreement with the litera-
ture (e.g., ESI/MS/MS [50], MALDI-PSD [28]), the
source of the hydrogens is the nonexchangeable hydro-
gen on the sugar moiety. During decomposition, the w3

ion preferentially obtained two hydrogens and the
[a3-B3]
 ion obtained a single hydrogen. Unmodified
dT2GT3 behaves like T2GT3-3'-QA in that only the w3

ion was detected (no [a3-B3]
 ions observed) and up to
two hydrogens were transferred to the fragment ion.
The correlations between cleavage location and the
maximum number of hydrogen being transferred
among the charge-tagged oligonucleotides and unmod-
ified oligonucleotides are the main issues that we
would like to address here.
Formation of Positive Ions of Charge-Tagged
Oligonucleotides
As discussed previously [30], formation of a cationic
singly charged oligonucleotide from an analyte contain-
ing a permanent positive charge requires that the re-
mainder of the phosphodiester backbone be neutral.
Neutralization of phosphates has to occur by abstrac-
tion of protons (or deuterons) during the MALDI pro-
cess. The similarity in fragmentation products regard-
less of the instrumental setting (e.g., linear DE-TOF vs.
DE-rTOF) or experiment (e.g., prompt fragments versus
post-source decay) indicates that fragmentation is an
intramolecular reaction. This positive charge is retained
upon fragmentation as the 5'-QA modified oligonucle-
otide yielded exclusively the [a3-B3]
 ion (charge re-
tained on the 5'-portion), while the 3'-QA modified
oligonucleotide gave only the w3
 ion (charge retained
on the 3'-portion). Therefore, the source of the positive
charge for the modified oligonucleotides utilized in this
Figure 4. (a) Post-source decay spectra of D-form unmodified,
(b) 5'-QA-, and (c) 3'-QA modified T2GT3. The spectra do not show
significant differences to the spectra shown in Figure (3). Peaks
marked with a number sign are due to the incomplete H/D
process.
1412 CHOU ET AL. J Am Soc Mass Spectrom 2002, 13, 1407–1417
work arises solely because of the permanent positive
charge.
One might speculate that the positive charge tag be
counterbalanced by a deprotonated phosphate group,
and the transfer of one proton (or deuteron) from
matrix ions might account for the positive charge in the
charge-tagged oligonucleotides. If this were the pre-
ferred mechanism, the ionization efficiency of positive
charge-tagged oligonucleotides would not be much
higher than that of unmodified nucleotides. But the
charge-tagged oligonucleotides do have a much higher
abundance than unmodified oligonucleotides [30, 51].
Compared with unmodified oligonucleotides, no signif-
icant change in abundances of doubly charged ions or
fragmentation for both charge-tagged oligonucleotides
is observed. This evidence speaks against neutralization
of the charge tag by an anionic phosphate group.
Hydrogen Transfer In Fragmentation of Charge-
Tagged Oligonucleotides
In agreement with other investigations of positive ion
fragmentation, the fragmentation found in this work is
initiated at the site of guanine (with the highest proton
affinity among four nucleobsases) in the sequence. As
discussed previously, the charge tags are the primary
source of positive charge, while the backbones of oligo-
nucleotides are apparently neutral. It is unlikely that a
proton would reside on the guanine in charge-tagged
oligonucleotides. Apparently, the current hypothesis
for fragmentation mechanism (which is initiated by
protonated nucleobases) could not readily rationalize
the results presented in this paper well. Hence, a
modified mechanism or new mechanism is needed to
accommodate our results.
Initial step of fragmentation: loss of a base. If the proto-
nation of a nucleobase is necessary to initiate the
fragmentation process, it is possible (but not favorable
thermodynamically) that the internal energy of mole-
cules obtained from the MALDI process is strong
enough to produce such a zwitterion by a proton
transfer partially to a nucleobase (Scheme 1). This
possibility may be supported by studies of mononucle-
otides that 5'-phosphate hydroxyl groups tend to form
hydrogen bonds with nucleobases [52–54]. The N-gly-
cosidic bond in the guanosine gets weakened by the
polarization of the gunaine, and sequentially, the de-
parture of guanine occurs leading to a 1,2-elimination
on the sugar. Meanwhile, the hydrogen released from
sugar exchange with 3'-phosphate hydroxyl deuteron
and finally the deuteron migrates to the leaving gua-
nine. In this manner, similar to the base elimination
mechanism proposed by Gross et al. [33], the guanine
leaves as a neutral.
Alternatively, the stereochemistry of nucleotides
might play an important role, rather than the proton
affinity of nucleobases, regarding to nucleobase depen-
dency of fragmentation. If energy transferred to nucle-
otides during desorption/ionization is high enough,
one can expect that structure of oligonucleotide ions
could be twisted into different conformations. Here, a
different mechanism based on conformation change can
be proposed as shown in Scheme 2. The N-glycosidic
bond of nucleobases (especially guanine) gets weak-
ened as a result of conformational changes and may
rupture with the assistance of the 3'-phosphate oxygen
(O), and 1, 2-elimination occurs. Meanwhile, 3'-phos-
phate oxygen obtains the hydrogen released from
sugar, 3'-phosphate hydroxyl group releases deuterium
to form 3'-phosphate oxygen (O), and nucleobase
Scheme 1. Proposed fragmentation pathways based on protona-
tion initiated mechanism. Partially protonated guanine initiates
the consequential fragmentation. In step 2, an intramolecular H/D
exchange occurs prior to 3'-phosphate bond cleavage. Deuterium
or hydrogen maked with an asterisk is the result of possible H/D
exchange.
Scheme 2. Fragmentation pathways proposed, based on the
results of current work. The N-glycosidic bond weakened by the
conformation change resulted from desorption/ionization pro-
cess. When the first 1,2-elimination occurs, nucleobase receiving a
deuterium from 3'-moiety leaves as a neutral. In step 2, solid line
represents the pathway of the second 1,2 elimination. The hydro-
gen released from sugar can transfer to 3'-moiety (marked with
dashed line) or 5'-moiety (marked with broken lines).
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receiving the deuterium leaves as a neutral at the end of
step 1.
X-ray diffraction studies of mononucleotide (also
nucleoside) single crystals since the late 1960s had
shown that there is an interrelation between glycosidic
torsion, sugar pucker and backbone conformation. Gen-
erally, those conformers can be classified as C2'-endo or
C3'-endo, where 2'- or 3'-hydroxyl groups (respectively)
of the sugar ring are in the equatorial position (as
following):
According to theoretical calculations, C2'-endo and C3'-
endo forms are separated by energy of 3–6 kcal/mol [55]
with the former conformation being at a lower energy
state. It is worth noticing that, by surveying X-ray
structures of more than 40 nucleotides and nucleosides,
the mean lengths of C1'™N (glycosidic) bonds change
with the conformation of the sugar: 1.465 Å for C2'-endo
and 1.490 Å for C3'-endo [56] (normal C™N in R2NH is
1.472 Å [57]). The increased bond length implies that the
glycosidic bond for purine nucleotides is weakened in
the C3'-endo conformation. No direct intramolecular
interaction between nucleobase and phosphate group
was observed, other than imparting partial zwitterionic
character to guanodine involving several water mole-
cules [58]. The free acid and monovalent cationic (Li,
Na, K, NH4
, Rb, and Cs) salts of purine 5'-
monophoshate nucleotides also have been studied by
solid phase Fourier transform infrared spectroscopy
(FTIR) [59]. These results indicate that free-acid nucleotides
do not show any protonation of the nucleobase, i.e., no
zwitterionic character. Only Li shows evidence of direct
binding to the nucleobases at N7, while other cations
(with larger ionic radii) partially bind to nucleobases,
and/or to phosphate via hydration.
NMR studies of aqueous nucleotide solutions [60, 61]
also revealed conformation changes similar to those
observed in X-ray studies. They found that C3'-endo
conformers reversibly convert to C2'-endo conformers in
solution with C2'-endo conformers being generally en-
ergetically favored. Cheng and Sarma [60] examined all
possible combinations of nucleobase dimers; the found
that 5'-end residues of the dimers have clearly lower
population of C3'-endo conformation (19 to 31%) than
3'-end residues do (31 to 41%). (Note: The definition of
5'/3'-end residue in this paper is the reverse of Cheng
and Sarma’s in their papers.) It indicates that 3'-end
residues in oligomers often possess higher energy
states. 3'-end residues of dipurines (d-ApA, d-GpG,
d-ApG, and d-GpA) display significantly elevated C3'-
endo populations, while no significant differences in
populations of C3'-endo conformers of 5'-end residues
are observed for dipyrimidines. They concluded that
the energy state for purine nucleotides to stay in C3'-
endo conformation is higher than pyrimidine nucleo-
tides because of the sizes of the nucleobases, purines
heavily prefer to exist as C2'-endo conformers. When
located at the 3'-end position, purines have to change
the conformation to accommodate the structures in
solutions, and C3'-endo conformers might be prone to
dissociate, leading to fragmentation. On the other hand,
the energy gap between two conformers of pyrimidines
might not be high, and C3'-endo conformers are relative
stable. Thus, Chattopadhyay and co-workers [62, 63]
estimated the enthalpy (H) and entropy differences
(S) of various nucleic acid monomers and their ana-
logs using NMR by determining the populations of
C2'-endo and C3'-endo conformers in solution. They
showed that the process of C3'-endo conversion to
C2'-endo is exothermic (negative H). It is worth noting
that purines have higher energy dissipation (4.2 to
5.0 kJ/mol, compared to 1.9 to 2.6 kJ/mol for
pyrimidines) converting from C3'-endo to C2'-endo, im-
plying that pyrimidines do not have to prefer C2'-endo
to gain stability. The NMR results might rationalize for
the base dependent effect observed in MALDI, which
oligonucleotides are prone to break between T-G.
Although x-ray, FTIR, and NMR information for
condensed phase structures of nucleotides cannot be
directly applied to the gas phase structures of corre-
sponding ionic forms observed by mass spectrometry, it
is reasonable to consider some correlations among
them.
Second step of fragmentation mechanism: formation of w-
and a-series ions. As noted above, up to one hydrogen
ion is transferred to the [a-B] ion and two hydrogens
are transferred to the w ion; also, the isotopic profiles
of the fragment ions do not match theoretical profiles of
fully deuterated fragment ions. As fully deuterated
versions of both ions are initially present, if any hydro-
gen transfer to [a-B] ion arises from intramolecular
deuterium/hydrogen exchange along the backbone,
[a-B] ion, just like w ion, could be observed with two
hydrogens. Therefore, nonexchangeable hydrogens can
only be introduced to the fragment ions during bond
cleavage.
In our proposed mechanism, the subsequent strand
likely cleaves in a manner analogous to that proposed
by Gross et al. [28], yielding the same products. The
slight difference is how the proton gets exchanged. In
our mechanism, the proton released from the sugar may
exchange with a deuteron on the 5'- or 3'-phosphate
hydroxyl group (step 2 in Scheme 2), rather than
undergo direct intramolecular exchange with other
phosphate hydroxyl group (step 2 in Scheme 1). Here,
an oxygen group on either 5'- or 3'-phosphate has the
opportunity to obtain the hydrogen. When 1,2-elimina-
tion at C3'- and C4'-positions happens (marked by the
solid lines in Scheme 2), if the 5'-moiety gets the
hydrogen (pathway marked with broken lines), then
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5'-phosphate hydroxyl group releases the deuterium
and forms a double bond to oxygen (¢O). If the 3'-
moiety acquires the hydrogen, the dashed lines indicate
this pathway accompanying with solid lines for H™H
elimination. The direct intramolecular H/D exchange
would involve rupture of two O™H (O™D) bonds, al-
though two new bonds formed later would release
energy. Nevertheless, it is still an energy hurdle to
overcome to break the O™H bonds (102 kcal/mol for
H-OCH3 [57]), although assistance could be obtained
from remote polarization of nucleobase. Our proposed
pathway might have a lower energy barrier than that
proposed by Gross et al. It is based on the principle
proposed by Laude group in their work of gas phase
H/D exchange study of mononucleotides using a
FTICR/MS [52], where the group possessing the high-
est proton affinity more likely introduces the proton
into an ion. In charge-tagged oligonucleotides, ¢O on
phosphate group would be the most probable position.
Moreover, using a higher laser power density, the
lower m/z ions in the isotopic distributions of both w3

and [a3-B3]
 ions become more favored, although [a3-
B3]
 ion still do not obtain the second hydrogen. This
increased propensity for H-transfer to raise the abun-
dances of lower m/z ions in the isotopic envolope can be
explained by considering that more energy is trans-
ferred to oligonucleotides at higher laser power density.
Therefore, more energy is available for hydrogen trans-
fer from ribose to phosphate groups. However, the
maximum numbers of hydrogen transfers observed did
not change, implying that new pathways were not
opened up as a result of increased photon flux.
Hypothesis of selective H-transfer. One question re-
mains: Why does a 2'-H of the sugar ring transfer
preferentially to the 3'-phosphate group compared to
the 5' -phosphate? It is likely that the first 1,2-elimina-
tion reaction is stereoselective. We have proposed in a
previous section that the nucleotide losing its nucleo-
base likely converts to a C3'-endo conformer after ob-
taining energy from MALDI process. In the C3'-confor-
mation, 2'-H is more accessible to 3'-phosphate group
than 5'-phosphate stereochemically (see the projections
of C3'-endo and C2'-endo conformers in the last section).
The first 1,2- elimination reaction behaves like classic
E2 mechanism: the nucleobase and the 2'-H of the sugar
leave simultaneously with the assistance from the phos-
phate oxygen acting as a base. If it is a two-step
reaction, the base leaves first followed by rearrange-
ment and 1,2-elimination, either the 3'- or 5'-moeity can
obtain the 2'-hydrogen without preference. Our result
showing that only the 3'-phosphate group obtains the
hydrogen suggests that the 3'-phosphate oxygen more
likely takes on the 2'-H rather than the 5'-phosphate
oxygen does. On the other hand, the second 1,2-elimi-
nation at the 3'- and 4'-positions may undergo different
mechanism(s). In this case, the only hydrogen available
is located at the 4'-position. Results in this study indi-
cate that the 4'-H is accessible to both 3'- and 5'-
phosphate groups resulting in H migration. An E1
mechanism is possible but it is unlikely that the cleav-
age of 3'-phosphate group occurs first, followed by the
transfer of 4'-H. As discussed previously, hydrogen
transfer only occurs during the bond cleavage. If the
3'-phosphate dissociates first, w ions unlikely obtain
the second hydrogen.
Timing of Fragmentation
The temporal dependence of fragmentation is another
clue that can reveal the details concerning the fragmen-
tation mechanism. As the results above show, the
[M-Gua] ion was not sufficiently stable to survive to
reach to the detector in experiments employing delayed
extraction (100 ns) and reflecting mirror. This ion was
observed in the continuous extraction linear ion mode,
but could not be detected in PSD mode. These findings
suggest that the lifetime of the [M-Gua] ion is very
short. In this study, it is most likely that loss of the
nucleobase occurs quite readily, and the [M-Gua] has
a rather high internal energy, leading to consecutive
fragment ions. On the other hand, w3
 and [a3-B3]
 ions
are stable enough to survive to reach to the detector.
The fragmentation patterns of these oligonculeotides
occurring in the ion source (prompt fragment ions) are
identical to those resulting from the unimolecular reac-
tion of metastable ions in the flight tube (PSD). In the
latter situation, decompositions occur as a result of the
excess internal energy that ions obtain during the
desorption/ionization process. The similarity of the
fragmentation patterns between prompt and metastable
fragment ions implies that the prompt fragment ions
may also arise from unimolecular decompositions in
the ion source, where the loss of the nucleobase is the
first step.
Hydrogen Transfer in Unmodified Oligonucleotides
In this study, we have established that a charge-remote
fragmentation mechanism is responsible for decompo-
sition of charge-tagged oligonucleotides. In unmodified
oligonucleotides, however, there is no direct evidence
to prove that the loss of a nucleobase is initiated by
protonation of the nucleobase directly by the ionizing
proton, or by a charge-remote mechanism, where the
ionizing proton is located elsewhere. It is interesting
that unmodified dT2GT3 yielded a PSD spectrum that is
very similar to the 3'-charge-tagged T2GT3, in which
only the w3
 ion was observed. The [a3-B3]
 ion was
never observed in continuous extraction or delayed
extraction, linear or reflecting, or PSD ion modes. This
suggests that the proton responsible for the positive
charge of the unmodified oligonucleotide ion is mobile,
rather than highly localized on the guanine. Upon
cleavage of the phosphodiesteric bond, competitive
dissociations may occur. The proton preferentially stays
on the 3'-part, which implies that w-series ions have
higher stability, or the formation of the w-fragment has
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a lower energy barrier than a-series ions. Therefore, the
charge-remote mechanism is possibly applicable to the
fragmentation of unmodified oligonucleotides. Further
investigation of the details of proton transfer will be
conducted.
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